Distinction between the geometry constrained plasticity and the unconstrained plasticity in compression stress-strain behaviors of bulk metallic glasses (BMG) has been attempted. Unusually large plasticity of BMG exceeding 20% is possible due to the geometry constrained effect in compression tests even if sample aspect ratios of 1.5-2 are used. Care must be taken because apparent large plasticity can arise if the unconstrained plastic deformation by the uniform formation of fine shear bands allows the deformed parts to touch the crosshead.
Introduction
Bulk metallic glasses (BMGs) possess very high yield strength (>1:5 GPa) and high elastic strain limit (2%). However, BMGs show little plastic deformation at room temperature because of the lack of dislocations and highly localized deformation along shear bands, which finally lead to catastrophic failure under unconstrained conditions. Therefore, the plasticity enhancement of BMGs is possible to a certain extent if highly localized shear process along a single shear band can be avoided by branching it to many fine homogeneously distributed shear bands. There has been a continuing effort to improve the plasticity of metallic glasses based on this concept. Introduction of crystal/glass composite by dispersing micron sized dendritically grown crystals during solidification, 1) nanoscale compositional heterogeneity due to glass phase separation, [2] [3] [4] dispersion of embedded nanocrystals, [5] [6] [7] high Poisson's ratio 8) or presence of hard and soft zones, 9) all of which can cause pinning, nucleation or multiplication of shear bands. Very recently, it has been shown that the total plasticity of BMG is a function of both free volume and nanocrystal present. 10) In fact, recent studies have shown that a metallic glass with very low unconstrained plasticity can show large plasticity under geometry constrained conditions. Under hydrostatic pressure, metallic glasses can exhibit large plasticity as a result of geometry constraint of shear bands. [11] [12] [13] Several investigators [14] [15] [16] [17] have shown the effect of lower aspect ratios (AR) of length/diameter of test pieces on the large enhancement of macroscopic plasticity of BMGs. Bei et al. 16) showed that about 50% or more plastic strain has been observed if AR is below 0.9. More recently, Wu et al. 17) reported that large deformation of brittle metallic glass under unconstrained condition was possible at very low AR below 0.9 due to the geometrical constraint to the flow of shear bands by crossheads, resulting in multiplication and nearly homogeneous distribution of shear bands. In the present work, we have chosen two different alloys with different unconstrained plasticity to demonstrate that the apparent plasticity of BMGs is largely influenced by the constrained effect even with the sample aspect ratio to be larger than 1. Based on this experiment, we have shown that the extraordinary plasticity of BMGs of more that 50% is mostly due to the geometry constrained effect. Such compressive plastic behavior under geometrically constrained conditions as observed in the present case should be distinguished from the inherent ductility of BMGs. The former alloy shows relatively large unconstrained plasticity, i.e., inherently plastic BMG, while the latter was selected as a typical alloy that rupture without plastic deformation, i.e., inherently brittle BMG. 2 mm diameter rods of 50 mm length metallic glass samples were prepared using copper mold casting from the ingots in an Ar-atmosphere. The casting unit was equipped with a radiation temperature recorder. Melt temperatures before casting were varied from 1253 to 1323 K for the Zr 58 Cu 22 Co 4 Fe 4 Al 12 alloy to provide two different levels of unconstrained plasticity.
Experimental
18) The Zr 55 Cu 30 Ni 5 Al 12 alloy was cast from 1253 K. The macroscopic amorphous nature of the cast alloys was confirmed using x-ray diffraction (XRD) before use. Compression tests were performed at a quasi-static strain rate of 1 Â 10 À2 s À1 in an Instron machine using rod samples of 2 mm diameter at room temperature. Both the contact surfaces of the sample with jig are lubricated with silicon grease to minimize the friction. Clip gauge was used during mechanical testing. The minimum length up to which the clip gauge can work was 1.6 mm. The length of the samples has been varied in such a way to get AR from 2 to 1.2.
Results and Discussion
The XRD patterns and the DSC traces of the Figure 2 shows the effect of different AR ranging from 1.2 to 2 on the mechanical properties of the Zr 58 Cu 22 Co 4 Fe 4 Al 12 sample cast from 1323 K. All curves of the samples with AR 1.2 to 1.8 shows very large plastic deformation exceeding 40% strain without failure. The sample with AR 2 shows around 15% strain before failure, which is the unconstrained strain of the sample reported in our previous work. 18) As the machine was stopped before it reaches the critical distance between the crosshead of the test machine (the minimum distance up to which the clip gauge works $1:6 mm), the compression tests more than the strain values shown in Fig. 2 (a) and (b) could not be carried out. Figure 3 shows the effect of three different ARs (1.2, 1.5 and 2) on the stress-strain behaviors of the Zr 55 Cu 30 Ni 5 Al 12 sample cast from 1253 K. The sample with AR larger than 2 does not show any unconstrained plasticity as reported in the previous report. 19) As the AR decreases, the plasticity values gradually increases. The sample with AR 1.2 did not fail till the end of the compression test. The behavior of the samples of all the three alloys at different AR is quite similar at a strain rate of 1 Â 10 À4 s À1 suggesting little effect of different strain rates in the range of strain rate of 10 À2 -10 À4 s À1 . Figure 4 shows the effect of different AR ranging from 1.1 to 2 on the mechanical properties of the Zr 58 Cu 22 Co 4 Fe 4 Al 12 sample cast from 1323 K at a strain rate of 10 À4 s À1 for comparison purpose. There are reports that the difference in strain rates would change the deformation behavior of the BMG, [20] [21] [22] [23] shear bands near the contact with the crosshead, whereas the shear band density of the other two samples are less, reflecting the amount of plasticity of the samples. However, careful observation shows that there are long shear bands aligned preferably in one direction. In Fig. 5(c) , short shear bands are confined within two long shear bands. The maximum angles formed by the long shear band with the loading axis of the three samples are $40 , 42 and 50 as shown on Fig. 5(a) , (b) and (c), respectively. It has been observed from previous reports [24] [25] [26] [27] that several degree deviations from the maximum shear-stress direction are possible for BMGs. This indicates that the fracture behavior under compression does not follow the von Mises criterion. 27) Such deviations have been attributed to a combined effect of the normal stress and shear stresses on the fracture plane. Fig. 6(a) shows the overall top view of the surface. Due to the large deformation of more than about 35% strain (Fig. 2) , the deformation along the primary shear band allows the deformed parts to touch both the crossheads of the machine. Figure 6 (c) shows the side view of the same alloy sample with AR 1.8. In this case, the deformed part touches only the top crosshead. Careful observation of the magnified part of the section indicated by arrowhead in the inset micrograph of Fig. 6(a) shows several white wavy patters concave inward the center of the top surface of the sample.
Step-like patterns are present at the boundary between two deformed parts as shown by the arrows and these patterns are formed by shear band formation during progressive deformation of the two sections ( Fig. 6(a) ). White wavy patterns are formed when these deformed steps meet the top surface. Hence, it is clear that the shear band interaction with the top surface always makes a new edge that increases the overall surface area, thereby increasing the frictional force which prevents the material to flow outward. The large plastic deformation of BMGs with AR below 1.0 has been explained by the termination of the shear bands at the crossheads that leads to the multiplication of the shear bands as shown in recent reports. [14] [15] [16] [17] During compression, besides the uniaxial stress, there is often a lateral stress induced by the friction with the crossheads of the testing machine.
14) The uniaxial and lateral frictional stresses will enhance a hydrostatic pressure in the specimen close to the platen. The lower is the AR, the more uniform will be the distribution of lateral forces over the length side. However, the present results have shown that an extraordinary strain level can be recorded under the geometrically constrained conditions depending on the unconstrained plasticity even if AR is in the range of 1.5 to 2, which is the recommended values by the ASTM standard for compression test (Designation: E9-89a (Reapproved 2000)).
The downward trend of the stress strain curves is pronounced below AR of 1.5 for the Zr 58 Cu 22 Co 4 Fe 4 Al 12 sample cast from 1253 K ( Fig. 1(a) ). This sample exhibits unconstrained plastic strain of 6-7% as reported previously, 18) but the plastic strain observed from the sample increases as AR decreases. In our previous work, 28) we have explained that the inflection in the plastic regime of the stress strain curve indicates the crack formation along the primary shear band and downward movement in stress strain curve is due to the mechanical interlocking of the cracks and their sliding along the primary shear band. The pronounced downward movement of the stress strain curve is due to the pronounced frictional effect arising from the shear bands interaction with the crosshead, which is clear from Fig. 5(b) . The pronounced frictional effect would lead to increased lateral forces along the length side which do not allow the formed crack to grow rapidly; hence the sample keeps deforming till the unbroken ligament becomes unable to withstand the stress, which is the point of complete failure.
The Zr 58 Cu 22 Co 4 Fe 4 Al 12 samples cast from 1323 K with AR in the range of 1.8 to 1.2 show very large deformation without complete failure (Fig. 2) . As can been seen from the sample with AR 2, the unconstrained plasticity of this sample is about 15%. So the enhanced plasticity observed from the samples with AR smaller than 2 are all due to the geometrical constraint from the cross heads or the result of the mechanical interlocking of the crack and shear bands. 28) However, the unconstrained plasticity also plays a major role here. Because of large unconstrained plasticity (15%), the number of shear bands interacting with the crossheads would be more than the case of the Zr 58 Cu 22 Co 4 Fe 4 Al 12 samples cast from 1253 K. This will result in higher frictional coefficient, which does not allow the formed crack to grow rapidly. If the sample shape is observed carefully (Fig. 6(b) ), the deformed parts along the primary shear band as shown by the arrows touch the top and bottom crossheads. If the size of the unbroken ligaments are large enough to withstand the stress till the deformed parts touch the crosshead, stress strain curve will take an upward trend. This is mainly because of the anvil effect that the shear bands in the two deformed parts along the primary shear band are totally confined and terminated by two crossheads. In this condition, the BMG sample will not break and it will keep deforming. In addition, if the crack is more strongly locked by the formation of jog in its path or by crossover of another shear band as shown elsewhere, 28) the stress-strain curves show an upward trend as shown in Fig. 2 . This behavior appears even if either of the deformed parts along the primary shear band does not touch the crossheads as shown by the arrows in the Fig. 6(c) .
In the case of the Zr 55 Cu 30 Ni 5 Al 10 sample where the unconstrained plasticity is nearly 0%, the enhancement of the apparent plasticity can be seen even if AR is larger than 1 in the range of 1.5 to 1.2. In the previous reports, [14] [15] [16] [17] geometrically constrained plasticity was reported only for AR < 1. The AR value that causes geometrical constraint appears to be related to the angle formed by the shear bands with the uniaxial stress as shown in Fig. 5 . Most of the shear bands lie at an angle $40
with the uniaxial stress in the case of the Zr 55 Cu 30 Ni 5 Al 10 sample (Fig. 5(a) ), whereas in the other two cases, most of the shear bands have an angle of $45 and 50
with the axial stress ( Fig. 5(b) and (c)). Earlier reports [14] [15] [16] [17] showed that the intersecting long shear bands morphology stretching from top to bottom surface are the reason for large deformation if AR is less than 0.9. But even if the deformed parts along the primary shear band touch the two crossheads of the machine, intersecting shear bands morphology stretching from top to bottom surface are not present (Fig. 6(b) and (c) ). This suggests that the effect of crosshead constrain is more significant on the long shear bands than the short ones. Because of the lower angle between the long shear bands and the uniaxial stress, there would be a larger numbers of long shear bands interacting with the crossheads in the case of the Zr 55 Cu 30 Ni 5 Al 10 sample. This definitely increases the frictional component along the interface between crossheads and round surface. The increase in lateral forces allows the Zr 55 Cu 30 Ni 5 Al 10 sample to deform more with decreasing AR. A similar situation is true for the Zr 58 Cu 22 Co 4 Fe 4 Al 12 samples cast from 1253 K as the strain is also increasing with decreasing AR. However, the angle at which shear bands are aligned will be a strong function of the composition or the Poisson's ratio of BMGs.
From the above discussion, the large plasticity (>20%) observed in the compression test using the samples with AR ranging from 2 to 1 can be explained from explanation provided by previous investigators. 14, 16) Once the glass starts to deform by forming shear bands after reaching the yield stress, the frictional force allows the lateral force to act along the length side. In the course of deformation, the major deformation along the primary shear band forms steps or cracks. Increasing shear band interactions with the crossheads with progressive deformation leads to increasing lateral forces along the length side, thereby preventing the crack to grow catastrophically. If the crack is locked by forming either jog or by another intersecting shear band, the sample will not fail and it will keep deforming by forming secondary shear bands confined within the two major shear bands as mentioned in our previous report. 28) Therefore, mechanical interlocking and lateral force act as complementary process. The two deformed parts along the primary shear band like Fig. 6 will eventually touch the crossheads of the machine. In this condition, if the unbroken ligaments between cracks along the primary shear bands are large enough to withstand the stress, it will not fail anymore and large deformation even more than 100% can be observed. This condition will be met even if the AR is larger than 1, which will be determined by the angle formed by the primary shear band with the axial stress. For example, if the primary shear band makes an angle with the axial stress of about 45
, the deformed parts should touch the crossheads at AR equal or less than 1. If it makes an angle of about 40 , the AR should be equal to or less than 1.3. However, this is for an ideal case. The major deformation can be possible at any point along the length direction. If the major deformation does not start at the half of the length, the condition may arise that only one deformed part touches either of the crossheads as shown in Fig. 6(c) . Figure 7 (a) and (b) schematically show the effect discussed above. The deformation along the primary shear band (dotted line) can touch the crosshead on one side (Fig. 7(a) ) or both sides (Fig. 7(b) ). If mechanical interlocking intervenes, the unbroken ligaments of the sample will not break anymore. However, the situation as explained in Fig. 7(a) is more likely to happen in the sample with AR > 1 and situation as presented in Fig. 7 (b) will more probable in the sample with AR <¼ 1 provided the long shear bands make an angle of 45 with the axis. Therefore, once the deformed parts touch the crosshead, further deformation must be regarded as geometrically constrained plasticity, which should be distinguished from the unconstrained deformation.
The above results on the effect of aspect ratio on the compressive plasticity of three alloys with different inherent plasticity is able to distinguish the geometry-constrained and unconstrained plasticity of BMG. Most of the geometryconstrained strains arise after the two deformed parts along the primary shear band touch the crossheads. Depending on how strong mechanical locking of crack and lateral force are, glasses with different unconstrained plasticity will behave differently under the presence of geometry constraints. Even at AR 2, there is a possibility of prolong deformation as shown in Fig. 2 , which has already been shown in our recent work. 28) Although the Zr 55 Cu 30 Ni 5 Al 10 sample shows nearly zero unconstrained plasticity, long shear bands make an angle of 40 with the axial stress. Hence, the critical AR is 1.3, much larger than 1. The distribution of lateral force will be throughout the length side at lower AR. That is why the Zr 55 Cu 30 Ni 5 Al 10 sample at lower AR showed larger plastic strain although the sample is inherently brittle (Fig. 3) .
Conclusions
Geometry constrained shear band interaction, lateral force and mechanical interlocking of crack can lead to very large plasticity of BMGs even if aspect ratio is in the range of 1.5 to 2, which are commonly used value for the compression test. The wavy pattern in the stress strain curve of BMG is generally artifact. The present results suggest that sufficient care must be taken to get rid of the constrained plasticity to understand the inherent ductility of the BMG.
